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Internal ionization source MALDI-FTMS shows clear variation of number average molecular
weight (Mn) for an equimolar mixture of four PEG polymers (PEG 2000, PEG 4000, PEG 6000,
PEG 8000) when the 2,5-dihydroxy benzoic acid (DHB) matrix to PEG ratio is varied or the
laser power is changed. As the matrix to analyte ratio is increased, the analyte signal of higher
molecular mass ions increases and the signal of lower mass ions decreases. Laser power
dependence studies show a similar trend. Possible explanations for these observations are
discussed. (J Am Soc Mass Spectrom 2005, 16, 1772–1780) © 2005 American Society for Mass
SpectrometryMatrix-assisted laser desorption ionization massspectrometry (MALDI MS) has become a pop-ular technique applied to polymer analysis.
Important information on polymer structure, composi-
tion, and molecular weight can be generated directly
from the MALDI spectra [1– 4]. Determination of poly-
mer molecular weight distributions is a valuable tool
for understanding the relationships of those distribu-
tions and polymer properties.
A generally challenging problem in MALDI Fourier
transform mass spectrometry (FTMS) application to
polymer characterization is determination of the actual
molecular weight distribution, especially when analyz-
ing polymers possessing a high degree of polydisper-
sity. The difficulty in efficiently trapping ions over a
wide range of mass-to-charge ratio becomes apparent
when high mass ions are involved. A variety of exper-
imental and theoretical approaches have been reported
to improve the trapping efficiencies of high mass ions
[5, 6]. Fourier transform mass spectrometry employing
a gated trapping deceleration approach was first ap-
plied by Wilkins and coworkers and achieved much-
improved results for low and high mass ions [7–9].
Detector mass discrimination is another problem
when dealing with polydisperse polymers. If the detec-
tor responds differentially to ions, preferentially favor-
ing detection of ions of one mass versus those of
another, the phenomenon is called mass discrimination.
Arising from several factors, [10 –18] mass discrimina-
tion has also been reported in the analysis of proteins,
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Previously, Dey et al. [10] reported mass discrimina-
tion in MALDI-FTMS when gated deceleration times
were systematically varied. It was pointed out that the
use of a single deceleration time can lead to inaccurate
molecular weight determination. Therefore, these
workers advocated an averaging approach. A unifying
theme among mass discrimination studies is the fact
that one must pay careful attention to instrument pa-
rameters and to sample preparation for accurate poly-
mer distribution determination to result. In the present
study, enhanced signals are observed for high mass
ions when an equimolar four-component polyethylene
glycol blend is analyzed with increased matrix-to-ana-
lyte molar ratio. Thus, the apparent number average
molar mass (Mn) of the mixture is affected by the
amount of matrix added. Experimentally, it is found
that proper choice of matrix-to-analyte molar ratio is
critical in optimizing the FTMS signal for observation of
a wide mass range of ions. Accordingly, possible expla-
nations for these observations are suggested.
Experimental
Materials and Sample Preparation
Polymer samples of PEG 2000, PEG 4000, PEG 6000,
PEG 8000, and the matrix 2,5-dihydroxybenzoic acid
(DHB) were obtained from Fluka (Buchs, Switzerland)
and used as received. 2-(4-Hydroxyphenylazo)-benzene
acid (HABA) was obtained from Aldrich (St. Louis,
MO). Methanol was obtained from EM Science (Nor-
wood, OH). Tetrahydrofuran (THF) was obtained from
r Inc. Received March 21, 2005
Revised June 26, 2005
Accepted June 27, 2005
1773J Am Soc Mass Spectrom 2005, 16, 1772–1780 DEPENDENCE ON MATRIX AMOUNT IN MALDI-FTMSJ. T. Baker (Phillipsburg, NJ). All reagents were used
without further purification.
An equimolar (0.005 M) mixture solution containing
2, 4, 6, and 8 K PEG samples was prepared in methanol.
For sample preparation, these samples together with a
1.0 M solution of DHB matrix in methanol were used.
The HABA matrix was dissolved in THF to achieve a
concentration of 0.5 M. The analytes were mixed with
respective matrices to give the following matrix-to-
analyte (M/A) molar ratios (matrix:PEG2K:PEG4K:
PEG6K:PEG8K) 400:1:1:1:1, 800:1:1:1:1, 1200:1:1:1:1,
2000:1:1:1:1, 3200:1:1:1:1, 4000:1:1:1:1, 20,000:1:1:1:1,
40,000:1:1:1:1, 60,000:1:1:1:1, 80,000:1:1:1:1, and 100,000:
Figure 1. Signal intensity dependence on th
deceleration time under same laser fluence. Sp
DHB/PEG, Spectrum B has matrix-to-analyte r
analyte ratio 60,000:1:1:1:1.1:1:1:1. All samples were aerosprayed onto stainlesssteel probe tips in the same way to ensure homogeneity
of the samples. The aerospray method has been de-
scribed elsewhere [9].
Instrumentation
MALDI experiments were performed using a 7.2 tesla
(Oxford Instrument, Clearwater, FL) Fourier trans-
form mass spectrometer equipped with an internal
ionization source. The FTMS instrument was retrofit-
ted with an IonSpec data acquisition station (Irvine,
CA) that was employed for experiment control and
data analysis. A pulsed Nd-YAG laser operating at a
trix-to-analyte (M/A) molar ratio at constant
m A has matrix-to-analyte ratio of 800:1:1:1:1
of 4000:1:1:1:1, and Spectrum C has matrix-to-e ma
ectru
ationwavelength of 355 nm was used for MALDI. All
1774 JABER ET AL. J Am Soc Mass Spectrom 2005, 16, 1772–1780MALDI-FTMS spectra were acquired in positive ion
mode at a pressure of 5  107 torr. The source and
analyzer cells of the cubic dual cell are separated by
a conductance limit with a 2-mm diameter hole. The
vacuum chamber was pumped by two diffusion
pumps (Edwards Diffstak Model 160, Wilmington,
Figure 2. An illustration of increase in the number average
molecular weight (Mn), due to more efficient trapping of high
mass molecular ions, as the amount of matrix added is increased.
The dashed line is for eye guidance and the solid line is a
logarithmic fit through the data points (the1 shown in scale was
added to separate the point from the y-axis). In this Figure and in
Figure 6, number of average molecular weight was calculated as
Mn  Mi Ri/Ri, where Mi is the mass and Ri the relative
abundance.
Figure 3. Considering the masses 2000, 4000, 60
units is plotted as a function of selected initial ion
not decelerated efficiently and those below the l
 mv2/2.MA), each with a maximum pumping speed of 700
L/s. For the HABA matrix results, cryogenic pumps
replaced the diffusion pumps (Austin Scientific,
Cryoplex 8, Austin, TX) and have maximum pumping
speed of 1500 L/s. Samples were desorbed from a
stainless steel probe tip of an automated solids probe,
situated 2 mm from the front trapping plate of the
source analyzer cell. Ions were trapped and analyzed
in the 1 7/8-inch cubic source cell region of the dual
cubic cells. Each of the dual cubic source cells is
composed of two parallel receiver plates, two trans-
mitter plates, a front plate, and a rear trapping plate
(the conductance limit of the dual cell is situated in
the trap plate separating the two cells). To trap
positive ions, the front trapping plate is set at 0.0 V,
and the rear trapping plate is set between 9.0 and 9.5
V during the ionization event. The decelerating po-
tential is maintained for a variable time of between
125–500 s after firing the laser. Subsequently, the
potentials of the front and the rear plates are adjusted
to 2.0 trapping voltage. Once ions are trapped, a 125
ms delay is imposed so that the laser-desorbed neu-
trals can be pumped away and analyte ions permitted
to relax to the center of the cell and equilibrate within
the trap. For mass spectral acquisition, ions are
excited for 0.5 ms by applying a 200 V peak-to-peak
frequency sweep with a general range of 10–220 KHz
and a sweep rate of 420 Hz/s. All detection was
done in direct mode and 128 K data points were
collected at the rate of 2 Mhz. Each spectrum is the
sum of 50 individual transients. Each transient results
nd 8000 Da, their kinetic energy in electron volt
cities. Ions above the dashed horizontal line are
ill be lost. Kinetic energy was calculated as KE00, a
velo
ine w
1775J Am Soc Mass Spectrom 2005, 16, 1772–1780 DEPENDENCE ON MATRIX AMOUNT IN MALDI-FTMSfrom a single laser pulse at the same spot on the
MALDI target. All spectra were plotted in relative
abundance scale on the y-axis, and when absolute
scale was used no difference was observed.
Results and Discussion
It would be desirable for polymer blend formulation to
monitor the mixture by mass spectrometry. Ideally, for
a polymer blend comprised of an equimolar mixture of
four PEG polymers, as examined here, with mass spec-
trometry one should observe four distributions of the
individual PEG polymer mixtures. PEG ions resulting
from these distributions should be expected to have the
Figure 4. Ion abundance as a function of incr
Spectrum B  0.225 ms, Spectrum C  0.325 ms,
ratio is 20,000:1:1:1:1.same ionization efficiency and would logically be de-tected in similar abundance. However, in practice it is
difficult to obtain such a result due to the influence of
various factors such as matrix concentration, [19 –21]
sample morphology, [22] crystallite size, [23] buffer
type, [24, 25] laser energy, [26] delayed extraction, [27]
cation choice, [28, 29], and laser fluence [30 –32]. Figure
1 contains MALDI-FTMS spectra obtained for an
equimolar mixture of PEG 2K, 4K, 6K, and 8K as a
function of relative amount of DHB matrix added. This
figure shows the mass spectra obtained for the matrix-
to-analyte molar ratios of 800:1:1:1:1, 4000:1:1:1:1, and
60,000:1:1:1:1. All experimental conditions except the
matrix-to-analyte molar ratio (M/A), were kept con-
stant. It is obvious that there are dramatic differences
g deceleration times. Spectrum A  0.125 ms,
trum D  0.425 ms. The matrix-to-analyte molareasin
Specbetween these spectra and that, as the matrix ratio is
plate
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grown at the expense of those of lower mass. The
correlation can be clearly seen in Figure 2. As the M/A
ratio is increased, an increase in the apparent Mn value
is observed. This trend fits a logarithmic scale as illus-
trated by the solid line. These data raise interesting
questions. Why is the relative signal of high mass ions
improved as a function of matrix concentration? What
effect does the M/A ratio have on the kinetic energy of
desorbed ions of low and high molecular weight?
Molecular dynamics calculations frequently have
been employed to describe MALDI. One theory sug-
Figure 5. Dependence of ion abundance on th
Spectrum B 0.93 mJ, Spectrum C 1.08 mJ, Spe
is 20,000:1:1:1:1. The trapping time was 125 m
potential was 2.0 V on both the front and backgests that cluster formation might play an importantrole, offering a possible interpretation of the present
results [33–35]. Computer simulations indicate that
clusters and chunks of ions are ejected during MALDI
event with varying velocities, sizes, and rates of decay.
The velocity distributions of desorbed MALDI ions
have been the subject of several papers [34, 36 – 40].
Models have also emerged to address the mechanism of
desorbed MALDI ions and have focused on two pro-
cesses: molecular jet expansion [39] and cluster-like
expansion [33, 35, 41, 42]. The jet model, as put forward
by Beavis and Chait [39], proposes that analytes are
entrained in a jet of matrix, causing them to assume the
luence of laser energy. Spectrum A  0.79 mJ,
D 1.35 mJ. The matrix-to-analyte molar ratio
e retarding potential was 9.5 V; the trapping
.e inf
ctrum
s; thvelocity of the matrix independent of analyte mass. In
1777J Am Soc Mass Spectrom 2005, 16, 1772–1780 DEPENDENCE ON MATRIX AMOUNT IN MALDI-FTMScontrast, the cluster model suggests a decay mechanism
for analyte clusters and that initial velocities decrease as
the masses of the analytes increase [34]. Furthermore,
Gluckmann and Karas [36] have reported some impor-
tant features of the ion initial velocity distributions.
They found that the initial ion velocities of peptides and
proteins for a given matrix were independent of their
mass to charge ratio, but matrix-dependent ranging
from 273–543 m/s for the matrices studied. However,
depending on the nature of the mixed additive and
analytes to the DHB matrix, Gluckmann and Karas [36]
found significant changes in the initial velocities of ions.
Thus, it was noted that initial velocity decreased when
DHB was desorbed with carbohydrates compared with
the original initial ion velocity from a pure DHB matrix.
The fact that the energy of MALDI-generated ions
is a function of ion mass (i.e., the kinetic energy
increases with increase in mass) is important for
trapping and detection of ions in MALDI-FTMS and
should apply to all ions desorbed from a DHB matrix
when different relative concentrations of matrix and
analytes are added. For this reason, it is postulated
that increasing the relative amount of matrix may
contribute to a change in the mean kinetic energy of
desorbed ions. The question is what effects do kinetic
energy changes have on velocities of analytes within
a matrix plume upon expansion? For example, the
initial ion velocity of insulin desorbed from pure
DHB matrix has been reported to be 543 m/s (40
m/s) [36], and if this velocity is assumed to be the
same for polymers, Figure 3 suggests that ions with
kinetic energy below the horizontal line at 9.5 V can
be decelerated successfully, mainly masses up to m/z
6000. If the velocity of the DHB is assumed to be as
low as 385 m/s, single-charged ions with masses up
to 8000 Da can be decelerated effectively if a retard-
ing potential is 9.5 eV is used. Therefore, for ion
deceleration, any strategy that reduces the initial
Figure 6. Examples of the shift in the Mn value caused by the
influence of laser power. The matrix-to-analyte molar ratios are
40,000:1:1:1:1, 3200:1:1:1:1, and 800:1:1:1:1 in A, B, and C, respec-
tively. The dashed lines are for eye guidance.matrix velocity would be advantageous. A decreasein M/A should lead to this result. Similar decreases
are observed when DHB is mixed with maltotetraoses
and chitotetraoses [36]. In cases where the M/A ratio
approaches the composition of pure DHB, it is logical
to assume that the velocity of the desorbed polymer
ions to be closer to 543 m/s.
Although all PEG ions emerge from the same sample
spot, some significant differences can be inferred from
the different matrix loadings. It is reasonable to propose
that the amount of matrix added has an effect on the
kinetic energy of the analyte ions. After ions are de-
sorbed from the MALDI target, they emerge with a
certain kinetic energy and move along the z-axis of the
magnetic field. This kinetic energy is decreased because
of the influence of the decelerating potential. Kinetic
energy is then converted into potential energy. If a
decelerating potential higher than the kinetic energy of
the ions is applied, the ions will be repelled, and
eventually turn around and be accelerated in the oppo-
site direction. The higher the initial kinetic energy, the
longer deceleration takes. Higher mass ions will be
decelerated more slowly than lower mass ions. There-
fore, which ions are trapped depends precisely on
deceleration time and when the trapping voltages are
applied (2 V).
As a confirmation of this theory [10], the deceleration
time was systematically varied, producing the results in
Figure 4. At a constant decelerating potential energy
applied to the rear trap plate, low mass ions were
trapped at lower deceleration times, while larger ones
were not trapped efficiently because they were deceler-
ated too slowly (i.e., more of them escaped before being
decelerated to the 2 V trapping voltage). Conversely, at
longer deceleration times, higher mass ions were more
efficiently trapped than lower mass ions because pref-
erential loss of lower mass ions occurred.
To substantiate that the matrix has affected the
velocities of the desorbed ions, a series of experiments
were carried out in which the laser power was system-
atically raised while keeping all other parameters un-
changed. It was reasoned that the influence of raising
the desorption laser energy would increase the velocity
of desorbed ions. If this is so, then the trappable number
of ions will change as a function of raising the laser
energy. The maximum laser output is 3.0 mJ with a
threshold of 0.70 mJ for the onset of spectral signal.
Figure 5 summarizes the laser power dependence stud-
ies performed for PEG 2 K, 4 K, 6 K, and 8 K. The M/A
molar ratio and all the other experimental conditions
were kept constant. In Spectrum A of Figure 5 the laser
power was set at about 0.79 mJ, just above the thresh-
old. In Spectrum D of Figure 5 the power was 1.35 mJ.
Going beyond 1.5 mJ, the spectra resembled that of the
Figure 5d and resulted in ablating the sample quickly
from the surface (basically the sample is depleted).
Similar to what was observed for M/A ratio studies,
mass discrimination can result from an increase in laser
power as is evident from the calculated Mn values
shown in Figure 6. The three examples shown in this
1778 JABER ET AL. J Am Soc Mass Spectrom 2005, 16, 1772–1780figure share one thing in common, that is, they all show
an increase in the Mn value up to a limit at mass 6500,
where the lines start flattening. This flattening limit
occurs because at highest laser power, only the 6 K and
the 8 K distributions are observed, with 6 K distribution
having equal or higher intensity than the 8 K PEG
sample, and so, when the number average molecular
Weight (Mn) formula is applied, a value of about 6500
for the average mass is obtained.
Again, the trends shown in Figure 6 can be ex-
plained as a result of initial ion velocity change of
PEG molecules with the laser power. Possibly, when
the amount of energy deposited on the MALDI
surface increases, sample temperature and thermal
Figure 7. Comparison between the observed s
same other instrumental setup but different ma
Spectrum B was obtained with DHB matrix.vaporization increases [38]. Consequently, the ther-mal motion of ejected molecules would increase
under higher laser power [43].
Low molecular weight ions are preferentially de-
tected at low laser power, while at higher laser power;
larger ions are detected in greater abundance. Detection
of ions in an internal source FTMS instrument must
occur after trapping ions in an electrostatic potential
well, so that the trapping efficiency is closely associated
with the initial ion velocity. Thus, the FTMS mass
discrimination observed can be explained by depen-
dence of ion axial velocities on laser energy and by
changes in matrix composition. This premise is in
accord with previously reported experimental and the-
oretical observations that the average initial ion veloci-
from same sample with same M/A ratio, and
Spectrum A was acquired with HABA matrix.ignal
trix.ties increase with higher laser fluence [34, 35]. It can be
1779J Am Soc Mass Spectrom 2005, 16, 1772–1780 DEPENDENCE ON MATRIX AMOUNT IN MALDI-FTMSseen from the present results that other factors besides
laser power affecting the velocity of ions produced by
MALDI may also result in mass discrimination effects
in spectra obtained using internal FTMS sources.
Figure 7 compares two spectra obtained using dif-
ferent matrices but with other parameters held con-
stant. These spectra show that with the HABA matrix,
relatively efficient trapping of all ions is observed.
However, for the DHB matrix the observed signal
favors higher mass. It was reported in reference [24]
that the insulin had a velocity of 273 m/s when it was
desorbed from the HABA matrix in comparison with
543 m/s when it is desorbed from the DHB matrix.
Although the exact velocity of the polymer ions in the
present measurement cannot be determined by this
instrumental setup, the results allow inference of
whether the ions were traveling at a slow or fast rate.
Therefore, it is seen that when using HABA matrix
which normally produces low velocity ions, different
spectral results are obtained compared to those with
DHB. Interestingly, and in accord with the explanations
offered above, for HABA no matrix ratio dependence
was observed when different M/A ratios were exam-
ined. This observation is expected because in this case
all PEG ions will have both low initial velocities and
kinetic energies. Hence, at a given time during the
deceleration period, all will have lower kinetic energy
than at the corresponding time for the DHB case.
Furthermore, these lower kinetic energy ions will un-
dergo smaller kinetic energy changes as a result of
variations of M/A.
It is also worth noting that the MALDI-TOF spectra
were the same for various M/A choices. On varying
M/A of 800:1 to M/A 60,000:1 ratios for both HABA
and DHB, the spectra were qualitatively unchanged.
The observed spectral signal for the four distributions
was in the following order: PEG 2 k had the highest
apparent abundances followed by the 4 K, 6 K, and 8 K
which had the lowest intensity. This is because all ions
were extracted from the source and accelerated to
approximately the same KE, and are therefore sepa-
rated primarily based upon their masses.
Conclusions
Efficient trapping of wide range mass-to-charge ions
may depend on various factors. In the present case,
employing an internal source MALDI-FTMS system,
the results are greatly influenced by the matrix/analyte
ratio chosen. This can be caused by the matrice’s effect
upon ion velocities. It is not possible to exactly pinpoint
the mechanism by which the ion plume expands. From
the present data, it is speculated that both mechanisms
are involved; ions are expanding in both with cluster
and jet-like mechanisms, consistent with literature re-
sults [44], [34]. Thus, when the matrix is present in
lesser amounts, the velocity of the desorbed species
tends to be slower, and when the matrix is present in
higher amount, the velocity of the analytes becomescloser to that of the matrix. Because of the influence of
the deceleration voltage, low mass ion velocities in-
crease and high mass velocities decrease by the time the
trapping voltage (2 V) is applied, resulting in mass
discrimination. Unfortunately, the signal intensity does
not scale linearly with a particular matrix-to-analyte
ratio; thus it is difficult to predict the exact amount of
matrix required. Laser energy also plays a significant
role in desorption/ionization of larger molecules.
Therefore, use of optimum laser power will facilitate
and contribute to accurate mass measurements.
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